We took advantage of a recently developed system allowing performance of real-time quantitation of polymerase chain reaction to develop a quantitative method of measurement of PML-RAR␣ transcripts which are hallmarks of acute promyelocytic leukemia (APL) with t(15;17) translocation. Indeed, although quantitation of minimal residual disease has proved to be useful in predicting clinical outcome in other leukemias such as chronic myeloid leukemia or acute lymphoblastic leukemia, no quantitative data have been provided in the case of APL. We present here a method for quantitation of the most frequent subtypes of t(15;17) transcripts (namely bcr1 and bcr3). One specific forward primer is used for each subtype in order to keep amplicon length under 200 bp. The expression of PML-RAR␣ transcripts is normalized using the housekeeping porphobilinogen deaminase (PBGD) gene. This technique allows detection of 10 copies of PML-RAR␣ or PBGD plasmids, and quantitation was efficient up to 100 copies. One t(15;17)-positive NB4 cell could be detected among 10 6 HL60 cells, although quantitation was efficient up to one cell among 10 5 . Repeatability and reproducibility of the method were satisfying as intra-and inter-assay variation coefficients were not higher than 15%. The efficiency of the method was finally tested in patient samples, showing a decrease of the PML-RAR␣ copy number during therapy, and an increase at the time of relapse. Leukemia (2000) 14, 324-328.
Introduction
Acute promyelocytic leukemia (APL) is characterized by the t(15;17) translocation which fuses the PML gene to the retinoic acid receptor alpha (RAR␣) gene. 1 The breakpoint in chromosome 17 is always located in the second intron of RAR␣ gene, but in chromosome 15 different breakpoint cluster regions (bcr) may exist. Usually bcr1, bcr2 and bcr3 encompass intron 6, exon 6 and intron 3, respectively, 2 resulting in three kind of transcripts, although some atypical localizations can occur. 3 In the recent APL93 trial, 4 combining ATRA and chemotherapy, although 90% of patients achieved complete remission (CR), and survival at 5 years is significantly improved, 5-15% still relapse and the level of mortality for patients in CR remains high, suggesting that individualization of treatment is needed. Thus, the identification of novel criteria which could allow prediction of the outcome of patients in CR is required. We postulated that a sensitive quantitative reverse transcription-polymerase chain reaction (RT-PCR) might be a valuable tool for assessing prognosis of patients, by providing quantitative kinetic data on the disappearance of leukemic cells. Indeed, the quantitation of minimal residual disease (MRD) after induction of remission has recently been shown to be a powerful prognostic factor for childhood acute lymphoblastic leukemia, 5 and the kinetics of increasing numbers of Bcr-Abl transcripts predict the relapse of chronic myeloid leukemia patients after bone marrow transplantation. 6 Although one paper reported the development of a quantitative method to detect PML-RAR␣ transcripts by competitive PCR, 7 to date, no kinetic data have yet been published for APL, probably because this analysis is laborious. To develop a new quantitative assay for t(15;17) transcripts, we took advantage of the development of an integrated system performing both thermal cycling, real-time detection of the amplification and subsequent analysis, that has contributed to the development of highly sensitive, accurate and really quantitative assays, 8 particularly in the field of hematology in leukemias with fusion genes Bcr-Abl or AML1-ETO and ALL. [9] [10] [11] This is the first report of a fast quantitative assay for bcr1 and bcr3 PML-RAR␣ transcripts that does not necessitate post-PCR sample handling and which is characterized by good reproducibility and sensitivity, with a high dynamic range. Finally, we show that the technique is successful for the accurate quantification of MRD in APL patients.
Materials and methods

RNA isolation and cDNA synthesis
Total RNA was extracted from mononucleated cells prepared from the bone marrow of APL patients or the NB4 t(15;17) APL cell line, as previously described. 12 Briefly, total RNA was prepared by ultracentrifugation of a guanidine-isothiocyanate lysate through a cesium chloride cushion. Pellet was washed with 70% ethanol and dissolved in diethylpyrocarbonate (DEPC)-treated water. RNA was reprecipitated by 10% sodium acetate 3M and 2.5 volume of ethanol, centrifuged, washed with 70% ethanol, and redissolved in DEPC-treated water, and then stored at −80°C. Integrity of RNA was assessed by migration on a formaldehyde-agarose gel.
Reverse transcription was performed on 1 g of total RNA or less when the yield was low. After 3 min at 95°C, RNA was incubated for 1 h at 42°C with 50 units of M-MLV reverse transcriptase (Perkin Elmer), 20 units of RNase inhibitor (Perkin Elmer), 2.5 mM random hexamers and dNTP at 1 mM in a final volume of 20 l. Finally, reverse transcriptase was denatured by heating for 5 min at 95°C.
Principle of quantitation using TaqMan probes
The TaqMan probe was double labeled by a fluorogenic reporter dye and a quencher dye. During the PCR reaction, upon hybridization to the template DNA, the probe was hydrolyzed by the 5Ј nuclease activity of the Taq DNA polymerase. 13 Thus, the release of the reporter dye causes an increase in fluorescence intensity that is proportional to the accumulation of PCR products. The system generates an amplification plot based upon the fluorescence signal normalized with the passive reference ROX (a rhodamin derivative) contained in the buffer, in order to correct for PCRindependent fluorescence variation. Determination of the amplification plot is possible because a CCD camera measures the target-specific fluorescence emission spectrum from 500 to 650 nm in real time during each elongation step, and data are integrated by the Sequence Detector software V 1.6 (Perkin Elmer Applied Biosystems, Courtaboeuf, France). The software establishes the standard deviation of the baseline fluorescence usually between the 3rd and the 15th cycles. The threshold cycle (Ct) is defined as the fractional cycle where the fluorescence intensity of a sample reached 10 times the standard deviation of the baseline. The C T is invertionally proportional to the initial number of copies, 14 thus if the starting copy number is important, the specific signal is detected early and the C T value is low. In order to correct variations linked to differences in the amount of RNA taken for the reaction or to different levels of inhibition during RT or PCR, we normalized the number of target gene copies using as a reference gene the porphobilinogene deaminase (PBGD) gene, a ubiquitously expressed housekeeping gene. 15, 16 The number of PML-RAR␣ transcripts was normalized for 10 5 copies of PBGD transcripts.
Primers and probe
To achieve the aim of defining amplicons not longer than 200 bp, one set of primers was designed for each type of PML-RAR␣ transcript, QP3 and QR1 for Bcr1, QP1 and QR1 for Bcr3 (Table 1) . These primers were located in exons, thus each primer spanning an intron. Indeed, the breakpoint in Table 1 Primer and probe sequences 2 The TaqMan probe is located in the RAR␣ gene so as to be convenient for both bcr1 and bcr3 transcripts (Table 1) . One set of primers was also defined for the reference PBGD gene (Table 1) . Only the transcripts resulting from the housekeeping promoter in the PBGD gene were amplified using a forward primer in the first exon. 15 Furthermore, to avoid a contaminating signal from PBGD genomic DNA, these primers were also located in different exons and the probe was located on the junction between two exons. Both primers and TaqMan probes were designed with Primer Express software (Perkin Elmer, Foster City, CA, USA). Probes labelled by a 5Ј FAM reporter and a 3Ј TAMRA quencher group were synthesized according to Lee et al 17 by Perkin Elmer/Applied Biosystems.
PCR conditions
We used 1.25 U AmpliTaq Gold DNA polymerase, 0.5 U AmpErase uracil N-glycosylase (UNG), 200 M dATP, dCTP, dGTP, 400 M dUTP (Perkin Elmer/Applied Biosystems), forward and reverse primers at 200 M, specific TaqMan probe at 100 nM, in TaqMan Buffer A with 6 mM MgCl 2 , in a final volume of 50 l containing 5 l of cDNA or plasmid. All the reagents were from Perkin Elmer/Applied Biosystems.
PCR reactions were set in a MicroAmp optical 96-well reaction plate (Perkin Elmer/Applied Biosystems) which were closed using MicroAmp optical caps (Perkin Elmer/Applied Biosystems). After 2 min at 50°C to allow the destruction by UNG of potential contaminant PCR products, and 10 min at 95°C to denature UNG and activate AmpliTaq Gold, the amplification was carried out by 50 cycles at 95°C for 15 s and 65°C for 1 min in the ABI/Prism 7700 Sequence Detector System (ABI/Perkin Elmer, Foster City, CA, USA).
Establishment of the standard curves for PML-RAR␣ and PBGD
Quantitation utilized standard curves which have been established with plasmids containing specific sequences of each gene studied. For PML-RAR␣ bcr1 subtype, we used a plasmid containing the complete cDNA. For PML-RAR␣ bcr3 subtype, we cloned a PCR product (obtained from clinical samples) longer than the amplicon used for TaqMan assay, into the pCR II-TOPO vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA). A plasmid containing the cDNA coding for the PBGD gene was a kind gift of Dr H Cave (Hô pital Leukemia Robert Debre, Paris, France). Serial dilutions were prepared once for all tests presented in this study and conserved at −20°C. For each assay 10-fold dilutions starting at 10 8 copies of the specific plasmid were analyzed in triplicate, and the Sequence Detector system software V 1.6 (Perkin Elmer, Applied Biosystems) established a standard curve by plotting the C T vs the known copy number on a logarithm scale. The standard curve allowed us to interpolate the unknown copy number of specific cDNA in each sample.
Results and discussion
We present here a sensitive, specific and quantitative method to follow the minimal residual disease in APL patients, based on the TaqMan technology. Simultaneous amplification of serial dilutions of known quantities of a plasmid containing the bcr1 or bcr3 target sequence and a plasmid containing the PBGD reference gene sequence were performed on six plasmid dilutions and a standard curve was constructed by the Sequence Detector software for both bcr1 and bcr3 transcripts, and the PBGD reference gene. The standard curves obtained showed that quantitation of each target gene is linear on a scale of at least 6 orders of magnitude with excellent correlation factors of 0.99 and optimal PCR efficiencies for the three plasmids (bcr1, bcr3 and PBGD) between 93 and 96% corresponding to slope values 18 ranging between 3.4 and 3.5 ( Figure 1 and data not shown) .
Monitoring of MRD in APL samples has been to date performed by nested RT-PCR. 12, [19] [20] [21] The sensitivity of our method proved identical for the three targets studied as we could detect as low as 10 copies of each plasmid; however, to ensure an accurate quantitation we set the threshold of detection at 100 copies for the three plasmids. Indeed, under this copy number, quantitation was not sufficiently efficient or reproducible (data not shown). We then assessed the sensitivity of the method on RNA preparations from myeloid cells and patient samples. Figure 2 shows that even on NB4 cell RNA extracts, the technique proved to be excellent with a very good linearity of the dilutions up to 1 bcr1 cell among 10 5 negative cells, although one cell among 10 6 could sometimes be detected in one of the duplicates. This experiment is equally representative of the specificity of the test described, as the presence of the negative control cells (HL-60) did not alter the amplification of the specific target sequence of the leukemic bcr1-positive NB4 cells. Thus, the sensitivity of the technique is extremely good and within the range of the sensitivity usually obtained with conventional RT-PCR of NB4 cells. 12, [19] [20] [21] This technique allowed us to quantify, for the first time, the copy number of PML-RAR␣ and PBGD transcripts present in NB4 cells (1 g of total RNA from NB4 cells contained 10 4 copies of PML-RAR␣ and 10 5 copies of PBGD). Both on plasmids and cell extracts, the precision of the TaqMan technology in quantifying PML-RAR␣ transcripts was tested. For intra-assay repeatability on RNA extracts, reverse transcription products of cells from the bcr1 cell line NB4 or of cells from a bcr3 patient were analyzed in five replicates in the same reaction plate. The variation coefficient (cv) of the number of copies calculated from these replicates was about 10% for each of the three transcripts studied (bcr1, bcr3 and PBGD). Likewise, a variation coefficient of the same magnitude was obtained when dilutions of bcr1, bcr3 or PBGD plasmids were analyzed in 10 replicates in the same experiment. The inter-assay analysis was performed by testing five reverse transcriptions obtained from the same preparation of total RNA, and tested in triplicates in different PCR reactions. We obtained a cv of about 5% in the copy number once normalized with PBGD. When performed with dilutions of bcr1, bcr3 or PBGD plasmids, the inter-assay analysis was characterized by cvs between 10 and 15%. Thus intra-assay repeatability and inter-assay reproducibility confirm the precision of this technique.
Finally, in order to test if this method was efficient in monitoring MRD, we analyzed bone marrow samples of five APL patients (three patients known to harbor a bcr1 transcript and two patients with a bcr3 transcript). The samples were obtained at diagnosis, and at different time intervals during follow-up ( Figure 3) . We found that the normalized number of PML-RAR␣ transcripts at diagnosis was different from one patient to another and that a significant decrease in copy number was evident during therapy. However, the reduction of copy number was variable from one patient to another ( Figure  3a) . The patient presented in Figure 3b still had an important number of copies (800) after 3 months of consolidation therapy (APL93 trial), although he was in complete remission. The copy number increased by 30-fold (30 × 10 3 ) when he relapsed 5 months later. This level was efficiently reduced (2.8 × 10 3 ) after ATRA plus chemotherapy. Quantitative RT-PCR monitoring in this patient effectively reflects the clinical evolution. The preliminary results presented here suggest that differences in the kinetics of PML-RAR␣ transcript decrease can be expected during therapy and could provide the basis for comparison of therapeutic response. In addition, the relapse of the patient presented in this study is well correlated to an increase in the number of PML-RAR␣ copies.
In summary, we show here that real-time RT-PCR is efficient to perform quantitation of PML-RAR␣ transcripts of bcr1 or bcr3 subtypes in patient samples. Because about 10% of APL patients have a transcript of intermediate length called bcr2 it will be necessary to quantitate such transcripts, however, bcr2 transcripts are more complex and no correct set of primers is yet available. This technique allowed to detect 10 4 PML-RAR␣ copies in approximately 1 g of RNA from patient samples at diagnosis. This level of detection is a little higher than the 10 3 Leukemia copies previously reported, 7 but further confirms that PML-RAR␣ is weakly expressed as previously described. 22, 23 This quantitative method will in fact be a useful tool to optimize the upstream steps of the RT-PCR reaction such as patient cell handling, anticoagulant used, shipment, RNA extraction, and reverse transcription, in order to increase the yield in cDNA, an important limiting factor specifically noted in APL cells.
This approach has several advantages when compared to classical end-point quantitative methods. TaqMan technology utilizes hybridization probes, which confers to the method a high degree of specificity, without the need to analyze PCR products on a gel, with subsequent transfer and hybridization, a time-consuming step with a high risk of inter-assay contamination. In addition, compared to the standard end-point methods in which large variations can occur 24, 25 the method is already known for its very efficient reproducibility and repeatability, which we have confirmed for PML-RAR␣ transcripts. Finally, the 96-well reaction plate we have tested, provides a convenient tool for simultaneous standard and patient sample testing. The automation allows the study of several patient samples within 2 h, significantly reducing the time taken for the RT-PCR analysis itself. Thus defined, this technology should allow ongoing studies to assess the potential role of this assay in predicting the clinical outcome of patients based on the kinetic quantification of their MRD during follow-up.
